chemistry in the placenta, and results indicate that the macrophages are involved in a complex network of cell-to-cell Placental macrophages (Hofbauer cells) are located close interaction (Hunt and Pollard, 1992) . In regard to the process to trophoblast cells and fetal capillaries, which makes them of angiogenesis, Hofbauer cells have been found to express ideal candidates for involvement in regulatory processes vascular endothelial growth factor (VEGF), a potent angiogenic within the villous core. Their production of various cytogrowth factor, with its receptor, the fms-like tyrosine kinase kines and prostaglandin (PG) synthesizing enzymes has (flt), being expressed by trophoblast and endothelial cells most previously been shown immunohistochemically. Hofbauer strongly in the first trimester (Clark et al., 1996) , thus indicating cells were isolated from human placenta after term deliverpossible involvement in the regulation of angiogenesis in the ies by Ficoll and Percoll gradient centrifugation. Remaining early placental villus.
trophoblast cells were removed with anti-epidermal growth
To investigate the possible role of Hofbauer cells in placental factor (EGF)-receptor-coated Dynabeads followed by difvillus physiology and pathology, it is important first to isolate ferential adherence. The identity of isolated cells was the macrophages with high purity. Immunohistochemically, investigated by immunohistochemistry with anti-CD68, they constitute~40% of all villous stromal cells in term which showed that >90% cells were positive. After a 36 h placental sections stained with anti-CD14 and other macrorecovery period in either 20% O 2 or 5% O 2 , fresh medium phage-specific antibodies (Goldstein et al., 1988) . When cells was applied and PGE 2 and thromboxane (TXA 2 ) production were dispersed from term placenta and immunostained with a analysed by enzyme immunoassay at 4, 8, and 24 h. PGE 2 monoclonal antibody against CD68, 15% were estimated to and TXA 2 were both produced by placental macrophages be Hofbauer cells (Yagel et al., 1990) . Several methods for with PGE 2 synthesis being predominant. Concentrations the isolation of Hofbauer cells have been published (Wilson of both could be stimulated by lipopolysaccharide with et al., 1983; Uren and Boyle, 1985; Yagel et al., 1987 ; Nash maximum effect after 24 h. Culture in low oxygen caused et al., 1989; Zaccheo et al., 1989; Kesson et al., 1993) . Some decreased PGE 2 concentrations, whereas TXA 2 production of them obtained yields where macrophages constituted~40% remained unchanged. In conclusion, the presented isolation of the cell suspension (Wilson et al., 1983; Kesson et al. , protocol allows further study of Hofbauer cell function. 1993). We have developed a protocol which includes trophoThis study also presents novel findings regarding the blast depletion by anti-epidermal-growth-factor-receptor (EGFprostaglandin production of term Hofbauer cells under R)-coated magnetic beads (Mühlhauser et al., 1993) to obtain normal and hypoxic conditions. a population of Hofbauer cells which are at least 90% pure. Key words: hypoxia/isolation/macrophages/placenta/prostaIn order to investigate the functioning of the isolated Hofbauer glandins cells, their prostaglandin E 2 (PGE 2 ) and thromboxane (TXA 2 ) production was measured after culturing in normal (20%) and low (5%) oxygen and after stimulation with lipopolysaccharide Introduction (LPS). Prostaglandins were chosen as a marker for macrophage function since they are produced by tissue macrophages The tissue macrophages of the human placenta (Hofbauer cells) were described for the first time at the end of the last (Morley et al., 1979) and play an important role as paracrine mediators in pre-eclampsia and during labour (Zahradnik et al., century (Kastschenko, 1885) . They can be found within the fetal villi from week 4 of pregnancy until term (Castellucci 1992) . Further, the expression of cyclo-oxygenases (COX 1 and 2) (Woodworth et al., 1994; B.Wetzka, manuscript submitand Kaufmann, 1992) . Their role in placental physiology, however, is still unclear. Apart from phagocytotic activity, ted) and thromboxane synthase (TXS) (Wetzka et al., 1996) in Hofbauer cells has been shown immunohistochemically. there is evidence that they may play a role for substrate 
Materials and methods
deliveries or Caesarean sections and processed immediately. Tissue Isolation of placental macrophages specimens contained predominantly fetal villi with minimal amounts The study was conducted in accordance with approval given by of amnion, decidua and large vessels. A total wet weight of 20 g was the ethical committee of the Addenbrooke's Hospital NHS Trust, finely minced with scissors and placed into a Bodum coffee pot (Bodum, Copenhagen, Denmark) (Nash et al., 1989) containing cold Cambridge, UK. Placental samples from uncomplicated term pregnan- phosphate-buffered saline (PBS, Dulbecco's formula without Ca 2ϩ and Mg 2ϩ , ICN, Thame, UK). Removal of blood cells was achieved by gently stirring the tissue mince for 5 min in PBS, then compressing the tissue with the coffee pot wire mesh plunger followed by decanting the supernatant fluid. After removing the plunger, fresh PBS was added and the above process was repeated until the supernatant fluid was clear (approximately five times). The tissue mince was then treated with dispase II (Boehringer Mannheim, Lewes, UK), 5 U/ml, and DNase I (Sigma, Poole, UK), 30 U/ml, in M199 (Gibco, Paisley, UK) with the addition of 10% fetal bovine serum (FBS, Gibco), Figure 4 . Indirect immunofluorescence staining of cell smears from penicillin (5000 U/ml) and streptomycin (5000 µg/ml) (Gibco) for day 1 after EGF-R-Dynabead depletion. (A and C) Anti-CD68 2 h at 37°C with gentle stirring. The released cells were separated staining, whereby C shows a magnetic bead (→) phagocytosed by from undigested tissue pieces using the wire mesh plunger and a Hofbauer cell. (B) Anti-cytokeratin staining; (D) the negative decanted through a steel mesh (75 µm) to remove clumps.
control incubated with an irrelevant mouse antibody. (E) Staining After two wash steps with M199 ϩ 10% FBS, erythrocytes and for thromboxane synthase (TXS). (F) Staining for cyclo-oxygenase cell debris were removed by centrifugation over Ficoll-isopaque (COX) 2. Original magnification ϫ250 for A, B and D, ϫ400 for E and F and ϫ1000 for C. (Histopaque ® from Sigma). The opaque interphase was carefully aspirated and further enriched for macrophages over a discontinuous Percoll (Sigma, UK) gradient (1.08-1.07-1.056-1.04 g/ml) with centrifugation for 10 min at 1500 g (Zaccheo et al., 1989) . The cells resuspend the beads. After resuspending the beads in 250 µl BSA-PBS, anti-EGF-R immunoglobulin was added to a final concentration from the upper two interphases were aspirated and washed twice in M199 ϩ 10% FBS.
of 1 µg antibody to 1 mg beads and incubated for 30 min on ice. Excess unbound antibody was removed by placing the tube into the Preliminary experiments with immunocytochemical staining of acetone fixed cells after this isolation procedure revealed that~30% MCP and washing three times with BSA-PBS as described above. Finally the coated beads were resuspended in BSA-PBS containing of the cells were negative for the macrophage marker CD68, but exhibited positive staining for cytokeratin which specifically labels 0.02% NaN 3 . Before use, the required number of coated beads was removed and washed twice in BSA-PBS using the MCP. According trophoblast cells. To remove the remaining trophoblast, we performed a depletion with magnetic beads (Dynabeads ® M-450, Dynal, Wirral, to the manufacturer's instructions,~50 beads are required for every cell depleted. In calculating the required number of beads, we used UK) coated with an antibody against EGF-R (Santa Cruz Biotechnology, Wiltshire, UK). The antigen EGF-R was chosen because it the observation that there were~30% cytokeratin positive cells by immunocytochemistry after the Percoll centrifugation. The following is expressed on the cell surface and solely on trophoblast cells within the term placenta (Mühlhauser et al., 1993) . This was confirmed by steps had to be performed strictly at 4°C, as macrophages can phagocytose the magnetic beads and this may occur even at low immunohistochemical staining of frozen term placental sections ( Figure 1A ). For antibody-coating, 10 8 beads from the original temperature ( Figure 4C ), but will happen regularly at higher temperatures. After adding the calculated number of coated beads (total cell suspension were pipetted into a sterile microtube and washed twice by placing the suspension into the Magnetic Particle Concentrator ® countϫ30%ϫ50) to the cell suspension, the mixture was incubated for 30 min on ice and then placed into the MCP for 1 min. The (MCP from Dynal) for 1 min, removing the supernatant and adding 1 ml 0.1% bovine serum albumin (Sigma) in PBS (BSA-PBS) to supernatant was removed and the depleted cells resuspended in M199 Figure 5 . Prostaglandin E 2 (PGE 2 ) and thromboxane (TXA 2 , measured as TXB 2 ) production of a representative macrophage isolation experiment during 24 h culture in 20% and 5% O 2 and addition of lipopolysaccharide (LPS; 25 µg/ml). Results shown as mean Ϯ SD of two wells in pg/ml/10 4 cells.
ϩ 10% FBS ϩ penicillin/streptomycin at a final concentration of 10 4 were examined and counted for positive and negative staining. Results cells/ml. The cells were plated into a 24-well tissue culture dish are expressed in percentage positive cells as mean Ϯ SD from n ϭ (Linbro ® , ICN) and incubated at 37°C in 5% CO 2 /20% O 2 . After 3 or 4 individual placental preparations as indicated. 2 h, non-adhering cells were washed off and the wells rinsed three Additionally, cell smears were incubated with a monoclonal antitimes with M199. Further incubation was performed with M199 ϩ body against TXS (Tü300, 1:50) and a polyclonal antibody against 10% FBS ϩ penicillin/streptomycin complemented with amphotericin COX 2 (1:50), both kindly donated by Dr R.Nüsing (Medical Centre B (Fungizone ® , Gibco), 2.5 µg/ml, and heparin (Sigma, UK), 90 µg/ of Pediatrics, University of Marburg, Germany). Bound primary ml, to inhibit fibroblast growth. The cell viability was examined after antibody was detected by fluorescently labelled secondary antibodies. Dynabead depletion by dye exclusion using Nigrosin 0.2% (Sigma).
Further, the expression of EGF-R was investigated by immunohistoThe cells were left to equilibrate to culture conditions for 36 h. chemistry on frozen sections of term placenta (n ϭ 2) using the The effects of culturing with and without 10% FBS and in low immunoperoxidase method. The primary antibody against EGF-R oxygen (5% O 2 ) were investigated. After 36 h, 1 ml of fresh medium was applied at 1:200. As negative control, cells or frozen sections was added to each well and cells were further incubated at either were incubated with an irrelevant mouse antibody (Dako) or the basal conditions or stimulated with 25 µg/ml LPS (Sigma, UK) for primary antibody was omitted. 24 h. Aliquots of 200 µl were taken for prostaglandin analysis after 4, 8 and 24 h to investigate the time-course of prostaglandin production Enzyme immunoassay and the necessary incubation time for optimal LPS stimulation. All Culture media were stored at -70°C for a maximum of 2 months experiments were performed in duplicate.
before prostaglandin analysis. The concentrations of PGE 2 and the stable metabolite of TXA 2 , TXB 2 , in the culture media of n ϭ 3 Immunocytochemistry individual placental preparations after Dynabead depletion were The purity of the isolated macrophage population was examined by determined by enzyme immunoassay according to the instructions of performing immunocytochemistry on cell preparations with an antithe manufacturer (Cayman, Ann Arbor, MI, USA). In the TXB 2 cytokeratin antibody as a trophoblast marker and an anti-CD68 enzyme immunoassay, M199 ϩ 10% FBS ϩ antibiotics was found antibody as a macrophage marker. After Ficoll-Percoll or Ficollto give a TXB 2 concentration of~500 pg/ml, whereas M199 ϩ Percoll-Dynabead depletion, 20 µl of the final cell suspensions were antibiotics gave the blank value indicating that the FBS affected the pipetted onto microscope slides and incubated at 37°C for 2 h in a TXB 2 assay. The prostaglandin dilutions for the standard curve were humid chamber to allow the cells to adhere to the glass surface. Nontherefore prepared in M199 containing 10% FBS when analysing adhering cells were then removed by gently rinsing the slides twice aliquots from macrophage cultures with FBS-supplemented medium. in PBS. Slides were left to air dry overnight before fixation in cold
The final concentrations of prostaglandins in the culture media acetone. Additionally, cells were cultured for 3 days on chamber slides were expressed in pg/ml/10 4 cells and concentrations corrected for (Life Technologies, Renfrewshire, UK) and fixed in the same way.
the aliquots that had previously been removed. The change in Immunocytochemistry was performed using either the immunoprostaglandin synthesis caused by culturing in 5% O 2 in comparison peroxidase method or indirect immunofluorescence as described with culturing in 20% O 2 was calculated as a difference [PG synthesis previously (Wetzka et al., 1996) . The primary monoclonal antibodies in 5% O 2 -PG synthesis in 20% O 2 ] and expressed as percentage against CD68 (clone PG-M1 from Dako, High Wycombe, UK) and change compared with the basal production in 20% O 2 atmosphere. low molecular weight cytokeratin (clone MNF116 from Dako) were
The stimulation of prostaglandin synthesis caused by addition of LPS used at a dilution of 1:50 and 1:25 respectively.
was calculated as a difference [PG production after LPS -basal PG The cells were evaluated by conventional light microscopy and fluorescence microscopy and at least 100 cells in five different areas production] and expressed as percentage increase compared with the basal production. Further, the quotient PGE 2 /TXA 2 was calculated 24 h ( Figure 5 ), therefore the analysis of LPS effects was for each culture experiment. All results are shown as mean Ϯ SEM.
carried out with prostaglandin production rates from 24 h For statistical analysis, Student's t-test for paired samples at the culture media. LPS addition during incubation in both 20% 95% significance level was used.
and 5% O 2 resulted in an increased synthesis of both prostaglandins with an apparent tendency to a higher stimulatory effect on TXA 2 in the 5% O 2 culture (20% O 2 : PGE 2 ϩ130 Results Ϯ 85%, P ϭ 0.27, and TXA 2 ϩ108 Ϯ 35%, P ϭ 0.09; 5% Isolation protocol -purity of macrophage population O 2 : PGE 2 ϩ132 Ϯ 44%, P ϭ 0.09, and TXA 2 ϩ263 Ϯ120%, The yield of Hofbauer cells from term placenta was, on P ϭ 0.16). average, 10 6 cells per 20 g tissue (wet weight). The cell viability determined by dye exclusion was between 80 and 90%. Discussion Immunohistochemistry on frozen placental sections with anti-EGF-R resulted in only cyto-and syncytiotrophoblast
This new method of Hofbauer cell isolation obtained a macroexhibiting positive staining ( Figure 1A) . A cytological preparaphage population with a purity of 91 Ϯ 3%, which makes tion of the cell fraction removed by Dynabeads revealed further intensive investigations of Hofbauer cell function syncytiotrophoblast (positive staining for cytokeratin) with possible. Additionally, controlled co-cultures of two different beads adhering to its surface as demonstrated in Figure 1B. cell types, e.g. macrophages and trophoblast, would be possible Immunocytochemical evaluation of cell smears obtained and would allow the study of how one cell type influences the after macrophage isolation by differential gradient centrifugaother. The yield of macrophages, however, was somewhat tion (Ficoll-Percoll, Figure 2A and B) showed that 64 Ϯ 17% lower than expected. Previous isolation procedures showing a of the cells were stained positive for CD68, whereas 22 Ϯ high yield of macrophages constituting 40% of all placental 11% of cells were positive for cytokeratin (preparations from cells (Wilson et al., 1983; Kesson et al., 1993) almost certainly n ϭ 4 individual placentae). After addition of the anti-EGFhad some contamination with trophoblast cells. This can be R-coated-Dynabead depletion step ( Figure 2C and D) , 91 Ϯ expected, since macrophages and trophoblast cells show several 3% cells stained positive for CD68 and 4 Ϯ 4% showed similarities: e.g. for the isolation procedure, they have a Percoll positive antigenicity for cytokeratin (preparations from n ϭ 3 density close to Hofbauer cells (1.05-1.06 g/ml) (Kliman et al., individual placentae) . Staining of chamber slides after 36 h of 1986). They also share characteristics used for identifying cell cell culture, i.e. before starting stimulation experiments, types like phagocytosis, non-specific esterase activity and showed that without Dynabead treatment the remaining trophoexpression of Fc receptors and CD14 (Guilbert et al., 1993) . blast cells started to differentiate to syncytiotrophoblast ( Figure  Another widely used method for cell isolation is fluorescence 2F). This could rarely be observed after Dynabead depletion or magnetic-activated cell sorting. In our opinion, a method of trophoblast cells ( Figure 2H ). Higher magnification of cell using the binding of antibodies on cell surface receptors is not smears stained with anti-CD68 showed the typical cytoplasmic suitable for macrophage isolation and culture, as this usually staining for CD68 and the abundant cytoplasm and eccentric leads to an activation of the macrophages, especially binding nucleus typical for macrophages (Figure 3 , day 1). After 2 of anti-CD14 (MacIntyre et al., 1989) . We therefore chose the days of culture, cytoplasmic processes can be seen (Figure 3 , depletion of trophoblast cells by anti-EGF-R-coated Dynabeads day 3). Representative immunofluorescence stainings are instead of using a positive selection of Hofbauer cells. After shown in Figure 4 , A-D. Additionally, cell smears showed the cell isolation procedure described here, prostaglandin positive staining for the prostaglandin synthesizing enzymes production of the macrophages could be stimulated by LPS, TXS ( Figure 4E ) and COX 2 ( Figure 4F ). which implies that the cells were still functionally active. The isolated Hofbauer cells produced prostaglandins which Prostaglandin production agreed with studies on Hofbauer cells isolated from first trimester placenta (Yagel et al., 1987) and on other types of Addition of 10% FBS did not significantly alter the PGE 2 and TXA 2 production of the cultured macrophages, so results tissue macrophages (Morley et al., 1979) . Their synthesis could be stimulated by LPS which gives further proof of their were pooled.
The prostaglandin production rates during standard culture macrophage nature. Under basal conditions, the cells produced approximately twice as much PGE 2 as TXA 2 . PGE 2 might conditions (20% O 2 ) and the effects of incubation in 5% O 2 and/or with LPS stimulation, in a representative experiment, play a role in immunosuppression (Goodwin et al., 1977) , which is supported by a previous study showing that progesterare shown in Figure 5 .
The prostaglandin synthesis of unstimulated cells did not one in physiological concentrations enhances the PGE 2 production by Hofbauer cells from the first trimester of pregnancy change significantly during 24 h of culture. PGE 2 production rate was consistently higher than TXA 2 with a median PGE 2 / (Yagel et al., 1987) . Since Hofbauer cells express MHC class II antigens (Castellucci and Kaufmann, 1992) and produce TXA 2 ratio of 2.6, which showed a minimum of 1.5 Ϯ 0.3 in cultures performed in 5% O 2 and a maximum of 3.7 Ϯ 1.3 in various interleukins (Hunt and Pollard, 1992) , they may play a role in immunological reactions within the placental villi. cultures done in 20% O 2 atmosphere. Culturing in low oxygen (5% O 2 ) caused a decrease of 40 Ϯ 17% in PGE 2 (P Ͻ 0.05) Their exact function and the role of prostaglandins they produce certainly needs further elucidation. and no significant change in TXA 2 synthesis. The stimulatory effect on prostaglandin synthesis by LPS was highest after Additionally, PGE 2 is known as a potent vasodilator
